BACKGROUND: A biofilm is found on the inner side of endotracheal tubes (ETT) in mechanically ventilated patients, but its features and role in pneumonia remain unclear. METHODS: This prospective, observational, monocentric study included critically ill ventilated subjects. Measurement of the ETT inner volume was first performed before extubation using the acoustic reflection method. After extubation, the biofilm was studied by means of optical and atomic force microscopy. Bacteriological analysis was then performed and compared with clinical documentation. RESULTS: Twenty-four subjects were included. Duration of intubation lasted from 2 to 79 d (mean ؎ SD: 11 ؎ 15 d). The mean percentage of ETT volume loss evaluated in situ (n ‫؍‬ 21) was 7.1% and was not linked with the duration of intubation. Analyses with atomic force microscopy (n ‫؍‬ 6) showed a full coverage of the inner part of the tube with biofilm, even after saline rinse. Its thickness ranged from 0.8 to 5 m. Bacteriological cultures of the biofilm (n ‫؍‬ 22) often showed the same bacteria as in tracheal secretions, especially for pathogenic organisms. Pseudomonas aeruginosa and Candida albicans were among the most frequent microorganisms. In subjects who had experienced a successfully treated episode of ventilator-associated pneumonia (n ‫؍‬ 5), the responsible bacteria were still present in the biofilm. CONCLUSIONS: ETT biofilm is always present in intubated patients whatever the duration of intubation and appears quickly after intubation. Even after soft rinse, a small but measurable part of biofilm remains always present, and seems strongly adherent to the ETT lumen. It contains potentially pathogenic bacteria for the lung.
Introduction
Ventilator-associated pneumonia (VAP) is the most commonly reported nosocomial infection among ICU patients, and is associated with increased morbidity, possibly mortality, and excess costs. 1 VAP occurs in 8 -28% of all intubated patients, and its incidence increases with the duration of ventilation. 2, 3 The endotracheal tube (ETT) appears to be an independent risk factor for VAP by impairing mucociliary clearance, disrupting the cough reflex, and promoting the ac- cumulation of tracheobronchial secretions in the lung. 2, 4, 5 Contaminated secretions from the oropharynx and the gastrointestinal tract are also a source of VAP through repeated microaspirations. 2 The inner face of the endotracheal tube can thus be a reservoir for microorganisms, providing them a surface to adhere to and to produce biofilm. Biofilm is a thin layer of microorganisms that adhere to the surface of an organic or inorganic structure and produce exopolysaccharides, which protect organisms from antibiotics and the immune system. 6, 7 ETT biofilm and airway colonization 8 seem to appear very quickly after intubation and could be a significant source of bacterial inoculation in the lung. [9] [10] [11] Aggregates can secondarily be detached spontaneously or during suctioning, bronchoscopy, or respiratory care. 9, [12] [13] [14] New approaches have been proposed to prevent biofilm formation such as antiseptic-coated ETTs or the use of devices designed to remove the mucus from the ETT lumen. [15] [16] [17] [18] Data about the existence of endotracheal tube biofilm in mechanically ventilated patients, however, are scarce. The aim of our study was to try to observe the presence of biofilm, some of its characteristics, and its microbiology. We first estimated the inner volume reduction of the ETTs in vivo during mechanical ventilation, then microscopically examined the inner surface of these ETTs after extubation, and compared bacteria bound on the ETT with clinical data, especially in subjects having experienced VAP during the course of mechanical ventilation.
Methods

Subjects
Critically ill ventilated patients hospitalized between January and June 2008 in the 25-bed medical ICU of Henri Mondor University Hospital (Creteil, France) and requiring invasive mechanical ventilation for Ͼ 8 h were eligible for the study at the time of the extubation and prospectively screened. Patients were excluded if they were Ͻ 18 y old, intubated Ͻ 48 h, extubated during the night, the weekend, or another non-workday.
For all study subjects, the following characteristics were recorded at the time of ICU admission: age, gender, concomitant diseases, hospital-admission diagnosis, indication for mechanical ventilation, severity of illness based on Simplified Acute Physiology Score II (SAPS II), and previous antibiotic therapy.
The diagnosis of VAP was made in accordance with criteria from American Thoracic Society guidelines 19 (new radiologic picture, purulent aspirate, decline in oxygenation, positive culture with pathogenic microorganisms, systemic signs of sepsis without another origin, leukocytosis), and was confirmed with quantitative microbiological criteria based on invasive respiratory secretion samplings as described previously. 20 Microorganisms considered as having high potential pathogenicity included Staphylococcus aureus, Enterobacteriaceae, Pseudomonas, and yeast. Enterococcus colonization was also recorded. Microorganisms such as coagulase-negative staphylococci including Staphylococcus epidermidis, Streptococci viridans, and diphtheroid bacilli were not considered to be of high pathogenic potential. Nursing care protocols regarding endotracheal intubation and oropharyngeal hygiene in critically ill subjects were as follows: tracheal suctioning was made every 4 h (or more only if necessary), subjects were kept in a semirecumbent position, the mouth was washed with oral chlorhexidine, the endotracheal cuff pressure was maintained at approximately 25 cm H 2 O, heated humidifiers were preferred to heat and moisture exchangers for long duration of ventilation, and a protocol for sedation was applied. A physician and a physiotherapist were present at the time of each extubation.
The institution's clinical investigation ethics committee approved the study protocol (Comité de Protection des Personnes, Ile-de-France IX), and, due to the purely observational nature of the study, requirement for informed consent was waived.
Study Design
Just before the planned extubation, a measurement of the reduction of the inner diameter of the endotracheal tube was performed by the acoustic method for compari-
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Current knowledge
The inner face of the endotracheal tube can be a reservoir for microorganisms, providing them a surface to adhere to and produce biofilm. Biofilm is a thin layer of microorganisms that adhere to the surface of an organic or inorganic structure and produce exopolysaccharides, which protect organisms from antibiotics and the immune system. ETT biofilm develops quickly after intubation and could be a significant source of bacterial inoculation in the lung.
What this paper contributes to our knowledge
Endotracheal tube biofilm is always present in intubated patients regardless of the duration of intubation and appears quickly after intubation. Even after a soft rinse, a small but measureable biofilm remains strongly adherent to the ETT lumen. This biofilm contains potentially pathogenic bacteria for the lung.
son with the diameter of a clean tube (see following paragraph), and a tracheal suctioning sample was collected. After extubation, the tube was kept in a sterile environment for subsequent examination. After the first 6 ETTs, the remaining tubes were rinsed in a standardized way with saline solution (dip rinsing for 10 s) to remove labile tracheal secretions, leaving a substantial sample in the lavage fluid.
Measurements of the Inner Volume of the Endotracheal Tube
The ETT area internal profile was evaluated by the 2-microphone acoustic method as described previously. 21, 22 Briefly, the device used consisted of 2 microphones (8510-B piezoresistive pressure transducers, Endevco, Le Près SaintGervais, France) and a horn driver mounted on a wave tube (overall length 22 cm, internal diameter 8 mm) connected to the ETT connector. The other end of the wave tube was open to the atmosphere, allowing the subject to breathe spontaneously (see the supplementary materials at http://www.rcjournal.com). A pressure wave was generated by the horn driver. The resulting pressure in the wave tube was recorded via the microphones in a microcomputer. The area was inferred using a deconvolution algorithm in the frequency domain. Such a setup was able to measure the area of a 50-cm-long ETT, as well as the location of any obstruction. 23 The measurement procedure consisted of connecting the wave tube and recording the pressure. In total, it took Ͻ 45 s. The results were expressed on a graph, where length was on the x axis and area on the y axis. The ascending end of the curve represented the opening of the tube in the airway (Fig. 1) . The ETT inner volume was estimated by integrating the inner area along the longitudinal axis, and was compared with the same unused and clean tube. The difference was expressed as a percentage of the clean area in net volume.
Bacteriological Examination
After extubation, the ETT was cut in a sterile area, in 3 1-cm segments (distal: just below the cuff; subglottic: just above the cuff; and proximal: at the 20-cm mark). Each segment of the ETT was then homogenized by vortex in Digest-Eur (Eurobio, Courtaboeuf, France). An aliquot of the solution was then spread on different culture plates (trypticase soy agar, blood agar with nalidixic acid and colistin methanesulfonate agar, blood agar, Drigalski agar, chocolate agar), for different dilutions (pure, 1/100, and 1/1,000), and incubated for 48 h. Globally as well as for individual species, bacterial counts were determined, and bacterial identification and susceptibility testing were performed with standard methods. Tracheal secretions obtained just before extubation were cultured on the same Colombia agar plates as described above.
Atomic Force Microscopy
Atomic force microscopy (AFM) imaging is performed by sensing the force between a very sharp microscopic probe and the sample surface. The sample is mounted on a piezoelectric scanner, which ensures 3-dimensional positioning with high resolution. The force is monitored by attaching the probe to a pliable cantilever, which acts as a spring, and measuring the bending, or deflection, of the cantilever by a laser beam (see the supplementary materials at http://www.rcjournal.com). 24 For the study, the distal segment of the endotracheal tube was fixed with glutaraldehyde, eventually after dip rinsing by saline solution as described under "Study Design." A 1-mm portion of this prepared sample was cut and glued on a microscope plate, then placed in the AFM (NanoWizard, JPK Instruments, Berlin, Germany) in aqueous solution (phosphate-buffered saline). An optical microscopic view was first performed for marking.
Statistical Analysis
A Mann-Whitney test was used to compare inner diameter reductions obtained with the acoustic method. A Spearman's correlation coefficient was used to correlate obstruction of ETT and duration of ventilation. Bacterial counts, expressed as log10 transformed number of colonyforming units/mL of secretion, were compared on the 3 segments of tube (distal, medial, and proximal) with a Wilcoxon matched-pair signed rank test. All P values were 2-tailed, with significance set at .05.
Results
Study Population
Ninety-eight subjects were extubated in the unit during the study period, and 24 endotracheal tubes were considered for the evaluation (Fig. 2) . All subjects were orotracheally intubated with high-volume, low-pressure cuffed, polyvinyl chloride tubes (Rüsch Super Safety, Duluth, Georgia) except in one subject (No. 13) (Mallinckrodt medical tube, Neunkirchen-Seelscheid, Germany). ETT internal diameters ranged from 7 to 8 mm. Five subjects included in the study were diagnosed with VAP, with 4 having bacteriological documentation. The median duration of mechanical ventilation was 7.5 d. Details of the subjects studied are provided in Table 1 .
Obstruction Measurement
Measurements could be performed just before extubation for 21 subjects, and were not possible in 3 for technical reasons. The mean ETT volume loss compared with a clean tube amounted to 7.1% Ϯ 4.5. No relationship was observed between the ETT internal volume loss and the duration of mechanical ventilation ( ϭ Ϫ0.093, P ϭ .68; see Fig. 3 ) or with the type of humidification system (heat and moisture exchangers or heated humidity), nor according to the presence or absence of VAP (data not shown).
Bacteriological Results
During the study, 22 endotracheal tubes were analyzed. Results of the bacteriological cultures did not depend on the segment of the tube analyzed (proximal, medial, or distal). No relationship was found between bacterial burden and the duration of intubation (data not shown).
P. aeruginosa was the predominant organism found in the ETTs (58%). Three subjects had previously developed a VAP episode due to this organism. S. epidermidis was frequently isolated, but not considered as having pathogenicity for the lung. C. albicans was isolated in 25% of cases, each time associated with P. aeruginosa ( Table 2) .
Five subjects had experienced a VAP during intubation, due to P. aeruginosa for 3 subjects (subject 2, 10, and 19), Alcaligenes xylosoxidans for 1 subject (subject 4), and clinically diagnosed but with no adequate initial sampling for 1 subject (subject 21). One subject had experienced a hospital-acquired pneumonia (subject 19). The microorganisms responsible or supposed responsible for pneumonia were always found in ETT biofilms, despite the fact that these subjects had received an adequate and successful antibiotic course before extubation (Table 3) .
Microscopic Views
Cells observed with optical microscopy were compatible with those found in tracheal secretions: macrophages, apoptotic cells, and lymphocytes. Microorganisms were also present (Fig. 4) . The samples were uniformly covered with biofilm, except the lateral parts, possibly due to scratching during preparation (Fig. 5) .
Atomic force microscopy provided 3-dimensional views for 6 samples and confirmed the integral coating of the tube even after soft saline rinse for the last 2 AFM samples. The layer was inhomogeneous, from approximately 0.8 to 5 m of thickness ( Fig. 6 ; see also the supplementary materials at http://www.rcjournal.com), irrespective of the duration of intubation (2-79 d).
Discussion
In this observational single-center study, we describe the macroscopic and microscopic features of the ETT biofilm, using the acoustic reflection technique, optical microscopy, and AFM for imaging the ETT biofilm in clinical study. In parallel, bacterial colonization of the ETT biofilm was compared with clinical history.
Using the acoustic method, we confirmed a mean intraluminal volume loss, ϳ7.1% for the entire endotracheal tube, which corresponds to an inner thickness of aggregate around approximately 0.5 mm (500 m). The assessment of ETT internal area by acoustic reflectometry has been in use for several years, and appears suitable to estimate, 21, 23 However, this experimental technique has some limitations: fluctuation of the signal and progressive narrowing of the measured area. Therefore, the study ETT needs to be compared with an unused one studied in the same conditions. A major obstruction was never observed, probably because adequate airway humidification was provided, as poor humidification is associated with a high incidence and degree of tube obstruction. 23, 25 We did not observe any relationship between obstruction and duration of intubation, history of VAP, or humidification systems. Our results are in accordance with previous studies, regarding the percentage of endotracheal tube occlusion. A study comparing different airway humidification systems with the same method as used by us suggested that prolonged use of humidification systems results in progres- sive reduction of ETT volume with duration of intubation, to a greater extent with heat and moisture exchangers (5.5%) than with heated humidity (3.3%). 23 A common inadvertent obstruction of ϳ15%, was found by Boque et al, 26 which was significant as early as 24 h following intubation. Another study based on ETT air flow resistance after extubation showed that ETT narrowing was associated with the duration of ventilation, without statistical differences between 2 humidifier devices. 27 Shah and Kollef 28 found a 10% intraluminal volume loss increased with prolonged tracheal intubation, even if measurements were performed up to 5 d after extubation. In a subsequent study, Wilson et al 29 showed a large degree of resistance, occurring in all sizes of ETT, unpredictable regarding the duration of intubation, and beginning immediately in some subjects. The first views of ETT biofilm were described in 1986, using electronic microscopy, and an integrally covered inner side of the tube was found in 84% of cases. 11 Berra and co-workers 15,30 studied ETT biofilm from animals ventilated for 24 h, and found 750 m of thickness using electron microscopy and 65 m with confocal microscopy. In a clinical trial using confocal microscopy, the same authors demonstrated an accumulation of biological material within the ETT, ranging from 0 to 700 m. 31 We Except for subject 21, the same microorganisms were found in both sites. observed a global covering of the internal side of the ETT with optical microscopy and AFM. The thickness was found to be ϳ2.5 m, but seemed to vary with the presence of bacteria, yeast, or cells. Covering was also observed after a very short duration of intubation. A biofilm usually corresponds to a bacterial production of exopolysaccharides, which adhere to each other, and constitute a protected mode of growth for bacteria that allows survival in a hostile environment, in a slow-growing or starved state. During ventilation, the ETT is progressively covered by accumulation of respiratory secretions, comporting cell fragments, immune cells, and microorganisms, termed biofilm by several authors. 32 In our study, labile secretions were removed at least partially by the fixation solution, so we decided to first rinse out the ETT softly to remove this labile part of humid secretions. We studied only the deeper layer on the ETT, where bacteria can develop under tracheal secretions secondarily deposited. In this way, the thickness differs if tracheal secretions deposited in ETT are measured (acoustic measurement) or not (AFM after rinsing). The acoustic measurement, performed in situ, takes into account the viscous part of tracheal secretions that remain on the inner side of the tube, whereas the AFM measurement performed after a soft wash does not. This could explain the difference of thickness between the measurements in our study (500 or 2.5 m) and between the thickness described in precedent studies. 17, 30, 31, 33 Indeed, we demonstrate that a part of biofilm still covers ETT despite rinsing.
AFM imaging is a recent technique never used, to our knowledge, on this sort of support. Examination was possible only for 6 ETTs, owing to the complexity of measurement and availability of the equipment. Large forces act between the probe and the sample during AFM imaging, and may reduce the image resolution and cause surface damage or displacement in case of multiple scanning in the same place, limiting the reproducibility of this technique. Moreover, the AFM biofilm measurements were performed on a 1-mm sample, which might not be representative of the entire ETT despite a location with optical microscopy. To eliminate contamination of glutaraldehyde by labile secretions, a first rinse by saline solution was performed for the last 2 AFM samples. Nevertheless, this technique can explore other aspects of biofilm, such as adhesivity, viscosity, and rugosity, as has already been shown for P. aeruginosa cultured on sheets of polyvinyl chloride. 34 All cultures from ETT biofilms were positive, whatever the duration of intubation. The populations of microorganisms were not exactly similar to tracheal aspirates. The ETT samples that had been rinsed out with saline solution to eliminate labile tracheal secretions did not show differences in colonization rates compared with the first 6 samples, which were not rinsed (data not shown). Not all microorganisms isolated on the ETT were considered pathogenic and are commonly found in the oropharynx. As shown in previous studies, pathogenic strains were also found in ETTs, 2, 3, 25, 34 frequently without clinical importance. In our study, for the 4 VAP cases, the microorganisms involved were found in the ETT biofilm after appropriate antibiotic therapy and clinical improvement. This may confirm the reservoir effect of biofilm for bacteria.
In our study, biofilm was found in all the tubes analyzed, even after only 24 h of intubation, in concordance with previous studies. 4, 35 Bacteria were observed in 73% of the cases, mainly Pseudomonas species and Enterobacteriaceae. 32 Feldman et al 36 found the same microorganisms on the ETT biofilm as the microorganisms involved in VAP, in subjects treated for VAP. Adair et al 9 observed this correlation in 70% of cases. It may be interesting to note that, in our study, C. albicans was isolated in 25% of cases, each time associated with Pseudomonas. This association has been often described, and there may exist an interaction between these 2 organisms. [37] [38] [39] [40] It has been shown that C. albicans impedes alveolar macrophage function and is associated with the presence of P. aeruginosa pneumonia in rats. 40 Studies with nonculturing technique using quantitative polymerase chain reaction and gene surveys targeting 16S rARN genes showed a large quantity of bacterial DNA on 3 segments of ETT (proximal, medial, and distal). 41, 42 With this technique, ETT were found to be colonized within 24 h, without correlation between bacterial load and time, but a longer intubation period increased the opportunity of pathogenic strains to proliferate.
The pathogenesis of VAP is multifactorial. 2 Aspiration of oropharyngeally-contaminated secretions or leakage of bacteria around the endotracheal tube cuff is probably the primary route of bacterial colonization of the distal air- ways, but biofilm could also contribute, 41, [42] [43] [44] [45] and several studies have attempted to prevent, eliminate, or decontaminate the biofilm. 46 In vitro studies demonstrated that tubes covered with an antiseptic solution did not present biofilm 47 or did so to a lesser degree. 13 These results were confirmed experimentally with tubes covered with silver sulfadiazine and chlorhexidine, 13 or silver-coated ETT. 48 Berra et al 31 have concluded that silver-coated ETT in ICU patients decreased overall bacterial colonization. The North American Silver-Coated Endotracheal Tube (NASCENT) study included 2,003 subjects intubated with either a standard tube or a silver-coated ETT, 17 showing a decrease in the VAP rate from 7.5% to 4.8% without effect on mechanical ventilation duration or mortality. A removable stalk with an inflatable balloon to eliminate adhered mucus inside the ETT has also been proposed. 30, 33 In a short clinical trial, this device appeared safe, and could prevent or reduce secretion deposits. 18 
Conclusions
This study was observational and confirms that biofilm is present uniformly in all ETTs, is most often polymicrobial, and develops very quickly. The technique of measurement may indicate great differences in its apparent thickness due to loosening of accumulated layer secretions, but the ETT biofilm remains present even after soft rinse.
